Abstract
17
The calibration was applied to quantify in situ sonar observations of three natural seepage areas in the 
6
The calibration experiments were conducted in a region of no natural seepage and almost flat seafloor in 7 the Kara Sea ( Fig. 3) to reduce or eliminate off-beam acoustic seabed scattering. Water depths were 45- 
12
The vessel was anchored during the engineered bubble plume experiments. Engineered bubble plumes 
20
Gas flow was controlled using standard flow meters, one port of which was connected to a PVC tube and 21
another was connected to a 2-way valve, the second port of which was connected to the gas tank through 22 the gas manifold. The manifold consisted of a high-pressure sensor of the tank pressure and a low-23 pressure sensor for the out-coming pressure (5.5 bar). We used temperature-compensated differential 24 pressure sensors with a manufacturer-specified range of ±1 psi (equivalent to ±70 cm of water). The 25 sensor has manufacturer-specified accuracy and stability of ±0.5% FSD (full scale deflection over the 26 operating pressure range of the sensor over 1 yr, between 0 and 50°C) and repeatability errors of ±0.25% 27 FSD. For the study, the gas flow was varied from 0.5 to 150 L min -1 at 5.5 bar (equals the bubble outlet 28 hydrostatic pressure). For each experiment, the gas flow was allowed to stabilize and then sonar data were 29 recorded for ~10 minutes.
30
The same MBES was used in the ESAS and COP seep field. The SBES was a SIMRAD EK15 SW Bubbles have high density-contrast with water and thus are strong sonar targets that can be distinguished 4 easily from the background (Fig. 4b) . For the engineered bubble plume experiments, the wave-mixed 5 layer (WML) extended to ~35 m depth with upper water warmer by ~3.5°C than deeper water (Fig. 4a) .
6
Sonar data analysis and visualization was performed with custom MatLab routines (Mathworks, MA) that 7 first geo-rectified each ping and then assembled the data for each experimental run into a 3-dimensional 
11 where is the individual bubble gas transfer rate and depends on the gas diffusivity and r e , A is the 12 bubble surface area, H is the Henry's Law equilibrium, and P is the bubble partial pressure. Seep gases, (4) 20 were R is the universal gas constant, T is temperature, and n is the molar sum of all gases. This first term 21 describes how the flux changes the bubble molar content and hence the change in bubble size with time 22 (t). The second term describes how changes in hydrostatic pressure as the bubble rises (i.e., depth (z) 23 decreases) affects bubble size, and depends on water density (ρ W ) and gravity (g). The denominator also 24 includes the effect of surface tension (α) on pressure -higher pressure implies a smaller bubble.
25
Unfortunately, bubble size distributions were not measured, thus a typical minor bubble size distribution 26 from the literature was used. Implications of these simplifying assumptions are discussed in Section 4.4. 27 1 bubbles, dissolved air gases at equilibrium in the water column, the observed CTD profile (Fig. 5b) , and a σ increased -i.e., σ(h) was not constant (Fig. 6) . Note, the change in volume for air bubbles over 7 such short rise heights is negligible. This is evidence of bubble-bubble acoustic interaction 8 decreasing as the bubbles rise and spread from turbulence (acoustic interactions decrease towards 9 zero as the inter-bubble distances increases to large distances). Note, these data were 10 uncalibrated and cannot be directly compared to the Arctic calibration data; it is presented to 11
show the depth trends. 12
There is significant geometric uncertainty in SBES data, which is evident in the overlap in time of sonar 13 returns for the calibration bubble plume (Supp. 
17
The most common sonar return ping element is noise, which was isolated from the bubble-plume signal 18 based on setting a threshold from the sonar return probability distribution function (Ψ(σ)) at 19 approximately -80 db (Fig. 7a) . Ψ(σ) weaker than -70 db is clearly distinct from the stronger, but less 20 common (lower Ψ), bubble Ψ(σ). Based on inspection of Ψ(σ), a noise threshold value of -70 db was 21 selected (Fig. 7a, arrow) , which provided a 5-8 db transition between noise and bubbles. Obvious sonar 22 artifacts, which can exhibit strong sonar return signatures, were masked by spatial segregation.
23
Specifically, the plume center was identified at each depth and then filtered to ensure continuity with 24 depth. Then, only samples within a specified horizontal distance from the plume centerline that tightly 25 constrained the plume above the noise threshold were incorporated into the analysis.
26
For the engineered bubble plume experiments, plumes with volume flux (Q) from 0.019 to 1.1 L/s were 27 created and observed by both SBES and MBES systems (Fig. 7) . The contribution of bubble plume weak Ψ(σ) is bi-modal for the deepest depth window for the highest-flow plume ( Fig. 7d) with stronger σ more 1 common relative to weaker σ than in the low flow plume (Fig. 7c) and more common than "predicted" by 2 extrapolating the weak σ power law fit (σ -10.7 ) to stronger σ (Figs. 7d and 7f , respectively). As this plume smaller bubbles, while the denser, strong σ bubbles remain relatively uniformly constrained with depth.
7
The overall increase in σ with rise is the same character observed in the precursor COP study (Fig. 6) 
13
These are point source plumes that disperse as they rise, thus bubble-bubble multiple scattering should 14 decrease with height. With the exception of the strongest plume, plume rise decreases σ; however, for the 15 strongest flow plume, rise initially increases σ, similar to the behavior in the precursor study (Fig. 6) 
17
and S6 for example MBES data for these flows.
18
The depth-dependent calibration curves (σ(Q,z)) were derived to account for the depth-evolving bubble-19 bubble acoustic interactions as the bubbles rose (Fig. 8) . Specifically, σ above the noise threshold in 20 spatially segregated boxes in each depth window is averaged over 7-minutes of sonar data for each flow 
27
σ(Q,z) shows a depth dependency in σ for both SBES and MBES systems (Fig. 8) . For low flow plumes, 
7
The numerical simulations show that for the first three, 5-meter depth windows, the depth-averaged total 8 bubble plume volume (<Q z >) increases by 4.7%, 15%, and 29%, respectively (Fig. 9b) . This growth 9 occurs from decreasing hydrostatic pressure (primarily) and from oxygen inflow (secondarily), while it 10 shrinks from nitrogen outflow. Growth indicates the balance favors hydrostatic over nitrogen outflow.
11
The size distribution of a minor seep bubble plume changes dramatically as it rises from 70-m depth with 12 the smallest bubbles dissolving and the largest bubbles growing (Fig. 9d) SBES data (Fig. 10b) appears to show extensive diffuse seepage, which the MBES data (Fig. 10a) of currents is shown in the sonar ping data (Fig. 10b vs. Figs. 10c and 10d) Table 2 .
10
The mass flux (Q m ) occurrence probability distribution function (Ψ(Q m )) was calculated for each seep 11 area and showed Seep Area 2 contained the largest number of strong seep plumes followed by Seep Area 12 3 and then Seep Area 1 (Fig. 12) . For the seep areas, Ψ(Q m ) for weak emissions asymptotically 13 approached ~0.1 mmol/m 2 /s (2.5 cm 3 /s) for all seep areas-the noise level. Thus, calibration flows (Fig. 8) 
14
bracketed from MBES data from the noise floor to the largest observed seep plume.
15
Seep Area 2 exhibits both greater fluxes and a shallower power law than other seep areas (Fig. 12c) .
16
Furthermore, all seep areas exhibited positive anomalies or peaks in Ψ(Q m ) for stronger flux seepage.
17
These peaks signify a preferred emission mode-i.e., multiple seeps with similar emission fluxes. For 
10
We presented results of an in situ engineered bubble plume experiment to investigate the evolution of leading to less bubble shadowing and shallower sonar occurrence probability distribution function slopes 6 at the same height above the nozzle (Fig. 7) . In contrast to the overall plume dimensions (which includes 7 smaller more dispersed bubbles), the dense core of large bubbles tends not to disperse and is largely 8 insensitive to height (Fig. 7) . Thus, for the dense core, increased flux increases bubble shadowing 
16
As a high-flow bubble plume rises, the weak σ portion of the plume representing small bubbles dispersed,
17
leading to an increase in the integrated σ as was observed in the Coal Oil Point (COP) and ESAS 18 engineered plume data. In the COP seep field study, calibration flows extended from comparable to far 19 higher flows than those in the ESAS and documented that σ(z) increased with height on fine depth scales 20 (Fig. 6) . This was interpreted as due to decreasing bubble "shadowing" of more distant bubbles as the 21 plume expands and becomes more diffuse during the plume growth or acceleration phase (Leifer et al., 22 2015a). As the ESAS calibration plumes rose, the sonar occurrence probability distribution function 23 showed a strong influence from small bubble dispersion as the plume expanded and an increase in the 24 integrated σ (Fig. 8) 
25
As low-flow calibration plumes rise and disperse, σ decreases. Overlapping intermediate depth windows
26
were evaluated and confirmed this was not an artifact of plume oscillatory motions aliasing the return 27 signal across the depth windows. The decrease in integrated σ with rise is (by definition) a decrease in 28 scattered sonar energy, i.e., greater energy scatters back to the sonar when the plume is spatially denser.
29
This could arise from a decrease in shadowing from scattering, or dissolution; however, the bubble model 30
showed that minor plume dissolution did not change overall plume volume significantly (Fig. 9) , unlike 31 the significant changes in integrated σ, e.g., Fig. 8c .
32

Bubble Detrainment and Bubble-Bubble Acoustic Interaction
1
The artifact striations in the natural seep sonar data from currents are consistent with non-negligible 2 bubble-bubble acoustic interaction (Fig. 11) . Specifically, seep bubble plumes were imaged for high (Fig. 9) . Thus,
15
we applied a first approximation using a typical minor bubble plume size distribution. Clearly initializing 
Field comparison of MBES with SBES
27
The MBES and SBES systems were calibrated with the same nitrogen gas bubble plumes, thus the two (Fig. 12a) . In contrast, the high flow calibration bubble plume 31 was more than an order of magnitude greater than field observations.
32
Field observations showed far better agreement between systems for Seep Area 2 than the other seep 1 areas ( Table 2) . This most likely relates to the greater relative importance of stronger seeps that are well 2 above the noise level relative to the other seep areas. The calibration flows (Fig. 8) 
6
The seepage spatial map in the ESAS (Fig. 11) share similarities with spatial patterns in the COP seep 7 field (Fig. 1) . Subsurface geologic structures control the seepage spatial-flux distribution by creating the 8 pathways through which seepage migrates to the seabed and ocean -seepage areas must occur where 9 geologic structures allow. In the COP seep field, strong seepage areas are located at intersecting non-10 compressional faults and fractures . Furthermore, these faults and/or fractures 11 themselves are preferred migration pathways that connect subsurface reservoirs to the seabed, with 12 seepage tending to manifest along their trend.
13
Two spatial trends were manifest in the ESAS seepage map (Fig. 11) , one northeast-southwest of subsurface connectivity with more numerous migration pathways than the other seep areas (Fig. 11) .
25
Seepage connectivity can be envisioned topologically as an inverted branched structure (Leifer and Boles,   26 2005) where central stronger seepage is surrounded (generally) by weaker seepage (Supp. Fig. S7 ).
27
Given that permeability is inversely related to resistance in the migration pathways, stronger seepage is 28 fed by migration along pathway(s) with lower resistance (higher permeability), while weaker seepage is 29 fed by migration along pathways with stronger resistance (lower permeability). The balance between 30 seepage emissions for different migration pathways with a range of permeability underlies the flux 31 probability distribution function (Fig. 12) .
32
The seepage emissions map demonstrates similar geologic spatio-flux control. Specifically, weak seepage 1 exhibited a b=-6 power law (Fig. 11) , which describes the distribution between high and low permeability 2 migration pathways. This argues that the shallow seabed structure (fracture, porosity, etc.) related to low 
11
In the Arctic, subsea permafrost degradation from heating both below (geologic -most strong in faulted 12 zones) and above (riverine inputs and overall Arctic Ocean warming) creates migration pathways that 
12
This study featured the novel use of a numerical bubble plume model to correct for different size 13 evolution between calibration gas bubble plumes and seep bubble plumes. Uncertainty arises from the 14 bubble size distribution, which needs to be measured for the calibration and seep bubble plumes at 15 multiple flow rates. Our approach was a simplified first effort with room for improvement.
16
Conclusions
17
In this study, we present a methodology of using in situ plume calibration approach to derive quantitative 
22
Weak sonar occurrence probability distribution function was well described by a power law that likely 23 correlated with small bubble dispersion, while strong sonar returns largely were independent of depth, 24 consistent with a focused central core of large bubbles.
25
The in situ calibration curve was applied to natural seepage from 70-m depth in the Laptev Sea outer shelf 
32
Seepage occurrence probability distribution function was bimodal, with weak seepage well described by a 1 power law. This was interpreted as suggesting primarily small minor bubble plumes. Seepage mapped 2 spatial patterns suggested subsurface geologic control along linear trends. The analysis showed show a 3 probability distribution analysis could provide insights into geologic control. 
